This chapter investigates uniaxial and biaxial fatigue damage during the crack initiation and the early crack-growth stages in cyclically loaded specimens. The confocal scanning laser microscopy (CSLM) image-processing technique developed by the present authors provides a quantitative study of the progress of a crack as it grows into the interior of the material. CSLM measurements of the initial stage of crack growth in uniaxially loaded Al 2024-T351 reveal that microstructurally short fatigue cracks grow initially along a plane inclined to the applied stress. The angle of the inclined plane (stage I crack growth) was found to be about 45 degrees to the axis of the applied tensile load. The biaxial tests in this study showed that the formation and early growth of microcracks takes place in a certain plane. It was also found that the rate of fatigue damage in the plane of fatigue crack growth increased nonlinearly as the number of cycles progressed.
Introduction angle with orientation at grain boundaries. Because it is a shear stress dependent process these facets lie on or near the planes of maximum shear stress."
Other studies have examined crack initiation and initial growth under various biaxial stress ratios. For instance, Parson and Pascoe [2] showed that crack initiation and the direction of initial crack growth were dependent on the applied strain and the biaxiality ratio. Brown and Miller [3] provided a comprehensive review of the literature on crack initiation and crack-growth planes under biaxial loading. Socie [4] mapped the cracking behavior for different materials subjected to tension and torsion. The most common methods used in the literature to determine the size of small fatigue cracks are optical or scanning electron microscopy of the cracks on a specimen surface or a replica of its surface. Information is obtained only for the intersection of the crack with the surface. In some cases, however, crack depth has been measured by progressively removing surface layers [5] . In other instances electrical potential (EP) drop techniques have been used to study the formation and growth of larger cracks. The accuracy of crack-depth measurements using this technique has been reported to be 0.15−1 mm and ±0.15 mm in nickel-based alloys [6] and X65 steel [7] , respectively. London et al. [8] utilized acoustic waves to quantify the depth and closure characteristics of microscopic surface fatigue cracks in AISI 4140 steel compact-tension specimens. Baxter [9] reported an electrochemical method for detecting small fatigue cracks that ruptured the oxide film on a specimen surface. The above methods involve either a destructive test or suffer a lack of measurement accuracy. In 1993, Varvani-Farahani [10] developed a new nondestructive technique of confocal scanning laser microscopy (CSLM) imageprocessing for studying the growth and morphology of small fatigue cracks. The resolution of this technique was 0.25 µm and 0.50 µm in the crack length and in crack-depth directions, respectively. The CSLM method is described in detail in Chapter Six of the present book and previous papers [11, 12] . In these references, the CSLM technique was compared with the successive surface-removal technique as a reference. Crack depths measured using the two techniques showed a very good agreement. A further study of fatigue-crack-growth mode and crack growth rate using CSLM, reported in reference [13] , provided quantitative information concerning crack growth and shapes as the crack grew into the interior of a specimen.
The present chapter discusses fatigue-damage development during a period in which a crack nucleates and advances as a small crack in the crack plane under various strain ratios.
Experimental technique and procedure

Material and fatigue tests
The materials examined in this investigation, were Al 2024-T351 and SAE 1045 steel.
The Al 2024-T351 alloy was precipitation hardened by solution heat treatment at 495˚C, water quenched, then stretched to about 1.5 per cent strain and naturally aged. This alloy has a chemical composition (W%) of 0.50 C, 0.50 Fe, 4.35 Cu, 0.60 Mn, 0.50 Si, 1.5 Mg, 0.10 Cr, 0.25 Zn, 0.15 Ti, and the remainder Al. The yield strength of the alloy was 350 MPa. The grain dimensions were 415×158×34 µm in the longitudinal (-L), transverse (-T), and short transverse (-S) directions respectively. SAE 1045 steel is a medium-carbon heat-treatable steel that is widely used in the automotive industry. The chemical composition (W%) of this alloy is: 0.46 C, 0.17 Si, 0.81 Mn, 0.027 P, 0.023 S, and the remainder Fe. The microstructure of the SAE 1045 steel after final polishing showed pearlitic-ferritic features containing up to 30-µm long sulfide inclusions in the extrusion direction. The modulus of elasticity is 206 GPa, the cyclic yield stress is 448 MPa, and the fatigue limit stress (stress ratio of R=−1) is 300 MPa. The design of a uniaxial specimen and a thin-walled biaxial tubular specimen used and the specimen preparation are given in Ref. [13] .
Fatigue tests with various biaxiality ratios (ratio of hoop strain, ε h , to axial strain, ε a ) of λ=−1 (pure shear straining), λ=−0.625, λ=−ν (uniaxial straining) and λ=+1 (equibiaxial straining) were conducted. The loading histories and the biaxial fatigue machine are described extensively in Ref. [14] .
Crack-depth and crack-opening measurements
Under uniaxial loading (λ=−ν), a CSLM image-processing technique was used to measure the crack depth of small cracks in the early stage of growth (Stage I) as the number of cycles increased. Similarly, shear and equibiaxial fatigue crack lengths were measured using an optical microscope at the same intervals as the depth measurements were performed using CSLM. Using a tensometer (tension machine) and a pressurizing device, respectively, for uniaxial and biaxial cracked specimens, cracked specimens were loaded to open the crack mouth under the CSLM system [12] . Then a laser beam was centered on the crack by direct observation through an attached optical microscope. The cracked specimen was scanned by the laser beam, which was then reflected to a detector. Images from different levels of crack depth were obtained by changing the specimen height using a piezo-electric stage. A set of confocal images slices at depth steps of 1 µm were acquired. Post-image processing was later used to combine all the images. Optical sectioning using post-image-processed crack data provided the crack depth and the crack-mouth width at every point along the crack length for each tensile stress/internal pressure [12] .
3 Results and discussion 3.1 Optical sectioning to construct a 3D image of a crack using the CSLM Figure 1 represents the crack depths corresponding to ten optical sections along a crack length of 16 µm in Al 2024-T351. Slices shown in this figure correspond to depth profiles at different points along the crack length. Slices taken along the crack length are shown by L1, L2, L3,..., and L10. These optical slices can be considered to be imaginary planes parallel to the X-Z plane (see Fig. 1 ). Every imaginary X-Z plane shows the crack-depth profile at a point along the crack length (Y-direction). The difference in height between the peak and the valley in the X-Z plot gives the crack depth at that slice. The peak value in each slice was considered to be the average of the peaks at two sides of the crack mouth. The depths measured along the crack length (using CSLM) in Fig. 1 show that slices taken in the middle of the crack (Y-direction) correspond to the largest crack depths. Images obtained at the successive static load levels of the pulling/pressurizing device provide crack mouth displacement measurements in the X-direction. 
Crack growth at the early stages
Under uniaxial loading (λ=−ν), cracks first initiated and grew into the specimen on the maximum shear plane at approximately 45° to the specimen surface (Stage I growth). After growing through one or two grains into the specimen (in the depth direction) in Stage I, the crack plane (in the depth direction) rotated to become normal to the axis of straining (Stage II growth). The plane of crack growth in Stage II was observed from the fracture surface of the specimen after failure. Figure 3b illustrates the plane and direction of initial growth of a crack under λ=−ν straining. The aspect ratio (crack depth/half-crack length) of cracks that experienced fatigue straining just above the fatigue-limit stress was found to be ≈0.80. Using the CSLM technique, the crack-depth profile in Stage I crack growth was found to be semi-elliptical in shape.
In equibiaxial fatigue tests (λ=+1) on tubular specimens, cracks initiated and grew along the specimen surface on the two maximum shear planes parallel to and vertical to the specimen axis, and propagated into the specimen on planes at 45° to the specimen axis (see Figs. 3c and 5b). About two-thirds of the equibiaxial fatigue cracks initiated parallel to the axial direction of the tubular specimen. The greater the number of cracks in this direction that coincided with the direction of rolling is attributed to elongated sulfide inclusions parallel to the rolling direction. Equibiaxial fatigue cracks initiated at a few points on the tubular specimen, and propagated along and into the specimen. In most tests, failure (defined by oil leaking through the specimen thickness) occurred when the crack length exceeded 2 mm.
In biaxial fatigue tests of (λ=−1) and (λ=−0.625) on the tubular specimen, a crack initially nucleated on an active slip-band system that coincided with the maximum shear planes at ±45° to the axial direction of the specimen (Fig. 3d) . Microcracks propagated into the surface of the specimen, while their length initially remained unchanged.
To measure the depth of microcracks, fatigued tubular specimens were pressurized internally using an hydraulic device in the CSLM. Hoop and longitudinal stresses due to a progressive increase in static internal pressure opened the crack along the maximum shear plane and 3D images of the crack were acquired. The crack opened and the crack depth increased with internal pressure until it was fully open. Figure 4a shows a curve depth of a typical shear crack (λ=−1) at its deepest point versus the hoop stress due to internal pressure. The crack-opening stress was defined as the static hoop stress at which the crack depth reached its maximum value (the crack is fully open) during a progressive increase in internal pressure. The maxima of the curves (in Fig. 4b) give the crack depths at various numbers of cycles for a shear microcrack formed under a cyclic shear strain amplitude of 0.30%. Under biaxiality ratios of (λ=−1) and (λ=−0.625), many microcracks initiated and grew into the specimens. In each specimen, 10 microcracks were marked, and the depth and length of these microcracks were measured. Then, the average crack length and depth of the 10 microcracks at given cycle numbers from initiation to failure were calculated. The scatter in the measured length and depth of cracks in a specimen did not exceed 15%. The propagation of microcracks can be characterized as R-system crack behavior using the terminology introduced by Marco and Starkey [15] . In this system, cracks start at many points on a specimen and progress toward the interior of the material (depth direction). In the present study, the number of microcracks increased as cycling progressed. Once a crack initiated, it grew into the specimen as the number of cycles increased but, its typical surface length of 70−100 µm did not increase much until the specimen reached ≈90% of its fatigue life. The microcracks were uniformly distributed on the surface of a specimen. At 60−70% of the fatigue life, linking up of a few microcracks was observed. At 90−95% of the fatigue life when the shape ratio of the crack depth to the halfcrack length reached unity, the microcracks began to grow in the length direction as well as in the depth direction and began linking up on shear planes (see Fig.  5a ). This linking up of microcracks led to failure shortly thereafter. Typically, during failure inclined microcracks linked up in the longitudinal direction of a specimen to form a 2.0−5.0 mm crack. 
Conclusions
In this study, uniaxial and biaxial fatigue damage during crack initiation and the early crack growth stages in cyclically loaded specimens has been investigated. In uniaxial fatigue tests (λ=−ν), cracks initiated along the maximum shear plane at approximately 45° to the surface of the specimen (Stage I growth), and failure then took place by Stage II growth perpendicular to the axis of the specimen. In equibiaxial fatigue tests (λ=+1), cracks nucleated on the two maximum shear planes parallel and perpendicular to the specimen axis, and initially propagated into the specimen on planes at 45° to the specimen surface (Stage I growth). They then propagated normal to the stress axis (Stage II growth). In both uniaxial and equibiaxial fatigue tests, a crack once initiated grew in the length and depth directions until failure took place. In biaxial fatigue tests with strain ratios of λ=−0.625 and λ=−1, surface cracks initially nucleated on slip bands at 40−45° to the axis of the specimen. Then the growth of microcracks on shear planes into the specimen occupied up to 90% of the fatigue life, during which time the surface length of the microcracks remained nearly constant. The microcracks started increasing in length after the crack became semi-circular (a/c=1) at approximately 90% of the fatigue life. damage increases nonlinearly as the number of cycles increases. This study also showed that early growth of microcracks occurs on certain planes (which are the most damaging planes) on which the de-bonding of the materials occurs.
